tions suggests that both traits are controlled by relatively few genes. To our knowledge this is the first study demonstrating independent genetic control of the two main traits associated with frost or winter survival. Our results show that it should be possible to incorporate these traits from wild germ plasm into cultivated crop plants by independent selection. These results help explain the lack of progress in improving winter survival through field selection. Furthermore, our study demonstrates relative simplicity of the inheritance of cold acclimation, thus providing avenues for understanding the link between biochemical and genetic aspects of low-temperature stress in crop plants.
researchers have not distinguished the two components as separate heritable traits. The mode of inheritance of these two traits was investigated in F1 and backcross populations of two wild diploid potato species (Solanum commersonu and Solanum cardiophyllwm) exhibiting extremes of freezing tolerance and acclimation capacity. Precise assessment of these two traits allowed distinction of small but significant differences among genotypes. The two traits were not correlated in segregating populations, suggesting independent genetic control. Analyses of generation means indicate that al of the variance for acclimation capacity and a major proportion ofthe variance for the nonacclimated freezing tolerance can be best explained by an additive-dominance model with both traits being partially recessive. Recovery of parental phenotypes in limited populations suggests that both traits are controlled by relatively few genes. To our knowledge this is the first study demonstrating independent genetic control of the two main traits associated with frost or winter survival. Our results show that it should be possible to incorporate these traits from wild germ plasm into cultivated crop plants by independent selection. These results help explain the lack of progress in improving winter survival through field selection. Furthermore, our study demonstrates relative simplicity of the inheritance of cold acclimation, thus providing avenues for understanding the link between biochemical and genetic aspects of low-temperature stress in crop plants.
Freezing temperatures adversely affect plant productivity in many parts of the world (1) . Traditional plant breeding methods for improvement of freezing resistance in crop plants by using field selection (frost or winter survival) have achieved only limited success (2) (3) (4) . Much of the failure to achieve greater success has been attributed to lack of genetic diversity, lack of effective selection criteria (2) , and limited or inconsistent information on genetic control of freezing resistance (3) . Attempts to determine the mode of inheritance of freezing resistance have been made in numerous crop species, with the majority of studies focusing on overwintering cereal crops (2, 4) . Most studies have concluded that freezing resistance is a very complex trait with polygenic inheritance (4) . The major component of variability appears to be additive effects; however, there are conflicting reports of dominance of winter survival in cereals (5, 6 Solanum species are known to vary greatly in both nonacclimated freezing tolerance and acclimation capacity (7, 8) , suggesting that the two traits may be genetically or physiologically distinct. Our study was aimed at resolving these two traits to gain a better understanding of the genetic mechanisms involved in freezing resistance. To do this, we used controlled acclimation conditions and a precise method of evaluation of freezing tolerance permitting distinction between small but significant differences between genotypes. This technique has been used successfully to estimate freezing tolerance of several species (8) (9) (10) (11) (12) Determination of Relative Freezing Tolerance (RFT). Freezing injury was assessed by measurement of ion leakage (11) . Thawed leaflets were sliced into 5-mm strips prior to addition of 20 ml of deionized distilled water at room temperature. Samples were infiltrated for 5 min at 0.1 atmosphere (10 kPa) by using a vacuum pump and shaken for 1 hr, and conductivity was measured with a YSI model 32 conductance meter (Yellow Springs, OH). Total conductivity for each sample was determined after autoclaving at 121°C for 15 min. Percent ion leakage of averaged triplicates was plotted as a function of freezing temperature. RFT was determined from the midpoint of the maximum and minimum (control) ion leakage values obtained for each genotype (see Fig. 1 ). The absolute value ofthis temperature was defined as the RFT (see Fig. 1 ). Acclimation capacity (ARFT) was expressed as acclimated RFT minus nonacclimated RFT.
Statistical Analysis. Phenotypic correlation coefficients for nonacclimated RFT and acclimation capacity (ARFE) were determined from individual plants within the backcross populations, and significance was tested by means of the t distribution. The equality of the population variances of the traits examined was tested by Bartlett's test of homogeneity of variance (17) . Since the population variances were determined to be homogeneous, a modification of the joint scaling test of Mather and Jinks (18) (18) . The parental, F1, and backcross means were analyzed by least-squares regression (19) . The scale factor a2 calculated as xk-p/(k -p), where k is the number of generation means and p is the number of parameters estimated, was used in the determination of standard errors of the estimated genetic parameters (20) . The goodness of fit ofthe additive-dominance model was assessed by the statistic (19) Relationship. The relationship between the two individual components of cold resistance-nonaccimated freezing tolerance and acclimation capacity-was examined in the two segregating backcross populations. Correlation coefficients for nonacclimated RFT and acclimation capacity (ARFI) were determined for the two backcross populations (Fig. 2) . The two traits were not significantly correlated; r = -0.066 and -0.317 in the F1 x cph and F1 x cmm progenies, respectively (P > 0.2 for both).
Genetic Analysis of Freezing Tolerance and Acclmation Capacity. The mean values for nonaccimated RFT and acclimation capacity of the five populations analyzed are shown in Table 1 Genetics: Stone et al. The expected means are based on an additive-dominance model and estimated by least-squares regression. RET was determined from the midpoint ofthe maximum and minimum (control) ion leakage values obtained from each genotype (Fig. 1) . The absolute value of this temperature (°C) was defined as the RFT and acclimation capacity ARFT was expressed as acclimated REIT minus nonacclimated RFT. Values are given ±SEM. were significant differences among the populations for the parameters examined (data not shown). The distributions of the nonacclimated RFT ofthe backcross progenies are shown in Fig. 3 , while Fig. 4 shows the distributions of the acclimation capacity (ARET). Within each population, backcross individuals were distributed between the parental values, with the center of the distributions shifted toward the recurrent parent (Figs. 3 and 4) .
The generation means analysis of Beaver and Mosjidis (19) was used to test a simple additive-dominance model for genetic control of freezing tolerance and acclimation capac- they exhibit the extremes of nonacclimated freezing tolerance and acclimation capacity among the nearly 120 tuberbearing Solanum species maintained at the U.S. potato gene bank (Inter-Regional Potato Introduction Station, Sturgeon Bay, WI). Additionally, these widely divergent species were cross-compatible, allowing generation of F1 and backcross populations necessary for genetic analysis.
Precise assessment of freezing tolerance and cold acclimation capacity allowed separation of these traits for each genotype examined. Ion leakage from excised leaflets subjected to a simulated freeze-thaw provided a precise test of relative freezing tolerance (Fig. 1 ) that has been demonstrated to correlate well with winter survival in Brassica napus (9) and freezing injury in Solanum (10, 11) and Pinus (12) species. Furthermore, the Biotron facility allowed exposure of all genotypes to identical environmental conditions for both nonacclimating growth and subsequent acclimation. Field assessment lacks the precision needed to distinguish genotypes for small but significant differences in freezing tolerance. This is because winter survival can be affected by many variations such as snow cover, water status, disease, midwinter thaw, and ice sheet formation and by the lowest minimum temperatures reached (22) . Furthermore, environmental conditions preceding a spring or fall frost will have an impact on the state of acclimation, and thus freezing tolerance, of plant material at the time of frost.
We found that nonacclimated freezing tolerance and acclimation capacity were not correlated in segregating Solanum backcross populations (Fig. 2) , suggesting independent genetic control for these traits. The relationship between these two individual traits of freezing resistance has not been investigated previously to our knowledge. Since nonacclimated freezing tolerance and acclimation capacity were inherited independently, they should be evaluated separately when selecting for freezing resistance. Field evaluations prohibit this distinction. Separation ofthese components may also facilitate the understanding ofgenetic control offreezing resistance in other crop species.
The evidence that unlinked genes control nonacclimated freezing tolerance and acclimation capacity is interesting. During the active growth period (nonacclimating conditions) plant survival depends upon the nonacclimated freezing tolerance. However, during cold acclimating conditions in fall, growth usually slows and the plant goes into dormancy. Thus it is not surprising that genetic controls for freezing tolerance are different in the nonacclimated and coldacclimated states. (Table 2 ). The fact that the F1 was closer to the freezing-sensitive nonacclimating parent, S. cardiophyllum (Figs. 3 and 4) , for these traits further supports this conclusion. Analogous to our findings in Solanum species, diallele analysis of winter wheat indicated that gene action was mostly additive, with frost sensitivity partially dominant (5). However, another study in winter wheat suggested freezing tolerance to be dominant (6) . These apparent inconsistencies have been explained, in part, by differences in the methods used for evaluation (23) .
The distributions of the backcross progenies (Figs. 3 and 4 ) support the conclusion that nonacclimated freezing tolerance and acclimation capacity are controlled by relatively few genes, since the backcross distributions show near recovery of parental phenotypes for nonacclimated freezing tolerance (Fig. 3) and full recovery for acclimation capacity (Fig. 4) in relatively small populations. By distinguishing between freezing tolerance and cold acclimation ability, we were able to show that cold acclimation in particular is genetically simple.
The genetic simplicity of cold acclimation demonstrated in these populations may be utilized to characterize the mechanism of acclimation to low temperature. These full-sib families with individuals segregating for the capacity to develop freezing tolerance upon exposure to low temperature can be used to confirm the importance of particular biochemical changes (24, 25) and induction of genes (26) that have been associated previously with cold acclimation in Solanum species. Differential screenings of cDNA libraries constructed from various acclimating species have resulted in the cloning of several genes that are induced by low temperature (27) (28) (29) (30) (31) (32) . Unfortunately, the role of these gene products in the cold acclimation process is still speculative. Further studies of these Solanum populations are necessary to clarify the molecular aspects of freezing resistance.
Freeze damage in potato has long been a significant concern, being yield about 30% (34) . The materials we developed and the precise evaluation used have given us some important genetic and physiological insights into the nature of freezing resistance in potato. This information should be invaluable in the process of incorporating freezing resistance into future potato cultivars through classic breeding and molecular approaches.
